Epstein-Barr virus nuclear antigen 3C (EBNA 3C) is essential for B-cell immortalization and functions as a regulator of viral and cellular transcription. EBNA 3C contains glutamine-rich and proline-rich domains and a region in the N terminus consisting of a stretch of basic residues followed by a run of leucine residues spaced seven amino acids apart. This N-terminal domain is widely believed to represent a leucine zipper dimerization motif (bZIP). We have performed the first structural and functional analysis of this motif and demonstrated that this domain is not capable of forming stable homodimers. Peptides encompassing the EBNA 3C zipper domain are approximately 54 to 67% ␣-helical in solution but cannot form dimers at physiologically relevant concentrations. Moreover, the EBNA 3C leucine zipper cannot functionally substitute for another homodimerizing zipper domain in domain-swapping experiments. Our data indicate, however, that the EBNA 3C zipper domain behaves as an atypical bZIP domain and is capable of self-associating to form higher-order ␣-helical oligomers. Using directed mutagenesis, we also identified a new role for the bZIP domain in maintaining the interaction between EBNA 3C and RBP-J in vivo. Disruption of the helical nature of the zipper domain by the introduction of proline residues reduces the ability of EBNA 3C to inhibit EBNA 2 activation and interact with RBP-J in vivo by 50%, and perturbation of the charge on the basic region completely abolishes this function of EBNA 3C.
Spi-1/Spi-B (PU.1) family have also been shown to play a role in the activation of the LMP 1 promoter by EBNA 2 (11, 33) . The EBNA 3 family of proteins (EBNAs 3A, 3B, and 3C) also bind to RBP-J, but this interaction results in the repression of transcription from EBNA 2-activated promoters (16, 30 ). It appears that, when bound to one of the EBNA 3 proteins, RBP-J is no longer able to interact with EBNA 2 or bind to DNA (30, 41) .
The first evidence implicating a member of the EBNA 3 family in the regulation of transcription, however, came from gene transfection experiments with EBNA 3C, which pointed to a role for this protein as a transcriptional activator. The expression of EBNA 3C in an EBV-negative Burkitt's lymphoma cell line resulted in increased expression of the EBV receptor CD21 (CR2) on the cell surface (44) . Further evidence for the role of EBNA 3C as a transcriptional activator came from experiments in which EBNA 3C was shown to maintain the levels of LMP 1 in cells that had reached saturation density (1) and from Gal4 fusion experiments that identified a putative activation domain in the C terminus of the protein (amino acids 724 to 826) (18) (Fig. 1A) . EBNA 3C has also been shown to augment the activation of the LMP 1 promoter by EBNA 2 in a manner that is dependent on the presence of the Spi-1 and Spi-B (PU.1) sites (51) . Since EBNA 3C has been shown to associate with p300 and prothymosin ␣, it is possible that the transcriptional activation function of this protein is mediated by the recruitment of coactivators that promote the acetylation of histone tails and disruption of chromatin structure at the promoter (35) .
EBNA 3C is also able to function as a repressor of transcription from the viral C promoter in the absence of EBNA 2, an effect that is likely to be mediated through the recruitment of multiple corepressors, including histone deacetylases 1 and 2, mSin3A, NCoR, and CtBP to the promoter (12, 28, 37) . Tethering experiments identified two domains of EBNA 3C, amino acids 280 to 525 and amino acids 580 to 992, that are able to function as cell type-independent and promoter-independent repressors of transcription when expressed as Gal4 fusion proteins, although the C-terminal domain has only modest activity (2) (Fig. 1A) . The ability of unfused EBNA 3C to repress the viral C promoter, however, requires the presence of amino acids 207 to 368, residues that are dispensable when the protein is targeted to DNA as a fusion protein (27) .
Sequence analysis of EBNA 3C has identified a number of domains commonly found in both viral and cellular transcription factors (Fig. 1A) . These include proline-rich and glutamine-proline-rich domains and a region with some homology to the bZIP (basic zipper) domains found in the AP-1 family of transcription factors, e.g., c-Fos and c-Jun (Fig. 1B) . The glutamine-proline-rich domain forms part of the region of EBNA 3C that has been shown to mediate transcriptional activation in Gal4 fusion assays (18) . A region encompassing the bZIP domain has been shown to bind to the Spi-1 and Spi-B proteins in vitro, and it has been suggested that this interaction may mediate the coactivation function of EBNA 3C at the LMP1 promoter (51) . bZIP domains normally consist of a region rich in basic amino acids required for binding to DNA, followed by an amphipathic ␣-helical dimerization motif (the zipper). bZIP proteins recognize bipartite DNA sequences in their target promoters and bind to DNA as parallel homo-or heterodimers. Dimerization between two zipper domains results in the formation of a coiled-coil structure in which hydrophobic residues from the two amphipathic helices interdigitate to form a tightly packed interface (23) . Such dimeric coiled-coil motifs are usually characterized by the presence of a heptad repeat sequence containing a run of four or more leucine residues spaced seven residues apart ( to as leucine zippers. The presence of a bZIP domain in EBNA 3C is perplexing because, unlike other members of the bZIP family, EBNA 3C does not appear to possess sequence-specific DNA-binding activity.
In this study, we used a combination of biophysical techniques and in vitro assays to test the hypothesis that the putative bZIP domain of EBNA 3C represents a functional leucine zipper dimerization motif. Using a rational mutagenesis approach, we also examined the role played by this domain in the transcriptional function of EBNA 3C in vivo.
MATERIALS AND METHODS
Plasmids. Plasmids for use in domain-swapping experiments were constructed by cloning PCR-amplified fragments from pSG5 EBNA3C-FL or pSP64 GCN4 (gift from T. Kouzarides) between the PstI and HincII sites of pRSETA BZLF-1 (His tagged) to replace the BZLF-1 zipper domain. The entire BZLF-1 coding region of the hybrid pRSETA BZLF-1 constructs was then subcloned into pSP64 as a BamHI/EcoRI fragment for the production of untagged hybrid proteins.
pSG5 EBNA 3C-FL was generated from the previously described pSG5 EBNA 3C (27) that was found to have a deletion in a repeat region of EBNA 3C (amino acids 571 to 610) (20) . The 1.48-kb BglII fragment of pSG5 EBNA3C was replaced with the corresponding 1.6-kb BglII fragment from EBNA 3C-pZipneoSV (26) to repair the deletion and generate pSG5 EBNA3C-FL. pRSETA BZLF-1 was generated by PCR amplifying the coding region of BZLF-1 from pSP64 EB1 (31) with primers designed to introduce a BamHI site immediately adjacent to the start codon (5Ј-GGGGATCCATGATGGACCCAAACTCGAC-3Ј) and an EcoRI site immediately adjacent to the stop codon (5Ј-GGGAAT TCTTAGAAATTTAAGAGATCCTCG-3Ј). This fragment was then inserted into the BamHI and EcoRI sites of pRSETA (Invitrogen).
pRSETA BZLF-1/3C'd' was generated with forward (5Ј-AAAACTGCAG GATTTGATAGAAC-3Ј) and reverse (5Ј-GAAACGCACGAAATCTAAAAG G-3Ј) primers to amplify the zipper region of EBNA 3C and introduce a PstI site at the 5Ј end (bold) but generate a 3Ј blunt end. Following digestion with PstI and treatment with polynucleotide kinase to phosphorylate the 3Ј end, this PCR fragment was cloned between the PstI and HincII sites of pRSETA BZLF-1. The frame of the substitution was designed to place the leucine residues of EBNA 3C in the d position of the BZLF-1 heptad.
pRSETA BZLF-1 3C'a' was generated in a similar way, with the forward and reverse primers 5Ј-AAAACTGCAGCGAAGAATCTATG-3Ј and 5Ј-ATCTA AAAGGTTCTCCTCGGTCTGG-3Ј, respectively, and designed to place the leucine residues of EBNA 3C in the a position of the BZLF-1 heptad.
pRSETA BZLF-1/GCN4 was generated with the forward and reverse primers 5Ј-AAAACTGCAGCAACTTGAAGACAAG-3Ј and 5Ј-TTCGCCAACTAAT TTCTTTAATCTGG-3Ј, respectively, to amplify the GCN4 zipper region from pSP64 GCN4. The leucine residues of the GCN4 zipper were placed in the d positions of the BZLF-1 heptad.
To generate pRSETA BZLF-1/3C-INI, sequential site-directed mutagenesis was first carried out on pSG5 EBNA 3C-FL to introduce the specific mutations W274N, E281I, and C267I. In the first step, complementary forward 5Ј-CTG CACCACATCAATCAAAACTTGCTCC-3Ј and reverse 5Ј-GGAGCAAGTTT TGATTGATGTGGTGCAG-3Ј primers were used to introduce the W274N substitution (italic). The resulting plasmid containing this substitution was then used as the template in a second round of mutagenesis to introduce the E281I substitution with the complementary forward (5Ј-CTTGCTCCAGACCATCGAGA ACCTTTTAGATTTC-3Ј) and reverse (5Ј-GAAATCTAAAAGGTTCTCGAT GGTCTGGAGCAAG-3Ј) primers. A further round of mutagenesis was performed with the plasmid containing these two substitutions with a further set of primers (forward, 5Ј-GATTTGATAGAACTGATTGGCTCTCTGCACCAC-3Ј, and reverse, 5Ј-GTGGTGCAGAGAGCCAATCAGTTCTATCAAATC-3Ј) to introduce the final C267I substitution. The mutated leucine zipper sequence was then amplified with the same primers designed to generate the pRSETA BZLF-1/3C'd' construct and cloned into pRSETA BZLF-1.
pSP64 BZLF-1/3C-MG was generated by using one forward (5Ј-GATTTC GTGCGTTTCATGGGCATTATCCCCCGGACACCAG-3Ј) and one reverse (5Ј-CTGGTGTCCGGGGGATAATGCCCATGAAACGCACGAAATC-3Ј) primer in site-directed mutagenesis on pSP64 BZLF-1/3'd' to introduce the D228M and S229G substitutions at the 3Ј end of the BZLF-1 zipper.
Site-directed mutagenesis was carried out with a PCR-based method (Stratagene). Reactions contained 50 ng of template plasmid, 125 ng of each primer, 1ϫ Pfx buffer (Invitrogen), 1 mM MgSO 4, 3ϫ Enhancer (Invitrogen), and 2 U of Pfx polymerase (Invitrogen) in a total volume of 50 l. Following an initial incubation at 95°C for 3 min to inactivate antibodies present in the Pfx enzyme mix, reactions were carried out at 95°C for 30 s, 36 to 45°C (template dependent) for 1 min, and 45 to 60°C for 15 min (template dependent) for a total of 18 cycles. Template plasmid was digested with the methylation-sensitive enzyme DpnI, and the mutated plasmid was transformed into Escherichia coli DH5␣.
Leucine-to-proline mutations were introduced into pSG5 EBNA3C-FL by site-directed mutagenesis as described above with the following sets of primers: pSG5 EBNA3C-P1ϩ2 (L263P,L270P), forward 5Ј-GAATCTATGATCCGATA GAACTGTGTGGCTCTCCGCACCACATC-3Ј and reverse 5Ј-GATGTGGT GCGGAGAGCCACACAGTTCTATCGGATCATAGATTC-3Ј, and pSG5 EBNA3C-P3ϩ4 (L277P,L284P), forward 5Ј-TGGCAAAACCCGCTCCAGAC CGAGGAGAACCCTTTAGATTTCG-3Ј and reverse 5Ј-CGAAATCTAAAG GGTTCTCCTCGGTCTGGAGCGGGTTTTGCCA-3Ј. pSG5 EBNA3C-P1-4 (L263P,L270P,L277P,L284P) was generated by mutating pSG5 EBNA3C-P1ϩ2 with the primers for pSG5 EBNA3C-P3ϩ4.
Basic region mutations were introduced into pSG5 EBNA3C-FL by sitedirected mutagenesis with the following sets of primers: pSG5 EBNA 3C-bR-A (R254A, R255A, R257A, R258A), forward 5Ј-CGTGGTAAATGGCAGGCGG CGTACGCAGCAATCTATGATTTG-3Ј and reverse 5Ј-CAAATCATAGATT GCTGCGTACGCCGCCTGCCATTTACCACG-3Ј, and pSG5 EBNA 3C-bR-E (R254E, R255E, R257E, R258E), forward 5Ј-CCTTCGTGGTAAATGGCAGG AGGAGTACGAAGAAATCTATGATTTG-3Ј and reverse 5Ј-CAAATCATAG ATTTCTTCGTACTCCTCCTGCCATTTACCACGAAGG-3Ј. pSG5 EBNA 3C-bA (R247A, R250A, K251A, R254A, R255A, R257A, R258A) was generated by mutating pSG5 EBNA 3C-bR-A with the primers forward 5Ј-CGGGAAGC CGAGGTAGCCTTCCTTGCTGGTGCATGGCAGGCGGCGTAC-3Ј and reverse 5Ј-GTACGCCGCCTGCCATGCACCAGCAAGGAAGGCTACCTCGGC TTCCCG-3Ј.
pSG5 EBNA 3C-bE (R247E, R250E, K252E, R255E, R256E, R258E, R259E) was generated by mutating pSG5 EBNA 3C-bR-E with the primers forward 5Ј-CGGGAAGCCGAGGTAGAGTTCCTTGAGGGTGAATGGCAGGAGGA GTAC-3Ј and reverse 5Ј-GTACTCCTCCTGCCATTCACCCTCAAGGAACTC TACCTCGGCTTCCCG-3Ј. pSG5 EBNA3C-mJ (T209A, F210A, G211A, C212A) was generated with the primers forward 5Ј-CATCATGTTAACTGC CGCAGCTGCAGCCCAAAATGCGGCAC-3Ј and reverse 5Ј-GTGCCGCAT TTTGGGCTGCAGCTGCGGCAGTTAACATGATG-3Ј.
For all zipper mutations, after sequencing to verify the mutation, the HpaI/ SpeI fragment of the new plasmid was cloned back into pSG5 EBNA 3C-FL to avoid other PCR-induced mutations in the vector.
Cell culture. The EBV-negative Burkitt's lymphoma cell line DG75 (gift from M. Rowe) was maintained in suspension culture in RPMI medium supplemented with 10% fetal bovine serum, 292 g of glutamine per ml, 100 U of penicillin per ml, and 100 g of streptomycin per ml (Invitrogen). Cells were passaged twice weekly and kept at 37°C in a humidified incubator containing 5% CO 2 .
Transient transfections. DG75 cells were transfected by electroporation essentially as described previously (45) . Briefly, cells were diluted 1:3 24 h prior to transfection, and 10 7 cells in serum-free medium were mixed with DNA and electroporated at 260 V and 950 F (Bio-Rad Genepulser III). Transfections contained 0 or 10 g of pSG52A (38) , 0, 2, or 5 g of pSG5 EBNA 3C plasmid, 2 g of Cp-1425-GL2 (contains the SauIIIA fragment of the C promoter [EBV nucleotides 9911 to 11340] cloned into the BglII site of pGL2-basic), and 2 g of pRL-CMV (Promega). DNA levels were kept constant with pSG5 vector where necessary.
Luciferase assays. Cells were harvested 48 h posttransfection, washed in phosphate-buffered saline (PBS), and then lysed in 100 l of 1ϫ PLB (Promega); 10-l aliquots of cleared lysate were then assayed in duplicate in a 96-well plate with 50 l of LarII followed by 50 l of Stop and Glo solutions (Promega luciferase dual assay kit) with the sequential injection system on a Lucy 2 luminometer (LabTech). The firefly luciferase signal (pCp1425-GL2) was adjusted for transfection efficiency with the Renilla luciferase signal from the control plasmid pRL-CMV.
EMSAs. For electrophoretic mobility shift assays (EMSAs), plasmids pSP64 EB1 (wild-type BZLF-1) (31), pSP64 BZLF-1/3Cd, pSP64 BZLF-1/3Ca, pSP64 BZLF-1/3C-INI, pSP64 BZLF-1/3C-MG, and pSP64 BZLF-1/GCN4 were linearized with EcoRI and used as templates to generate RNA in in vitro transcription reactions (SP6 Ribomax kit; Promega). RNA (4 g) was in vitro translated (wheat germ extract; Promega) in the presence of [ 35 S]methionine to generate labeled proteins. Samples of in vitro-translated protein were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and quantitated with PhosphorImager software (Imagequant; Molecular Dynamics). After adjusting the signal to take into account the number of methionine resi- Binding reactions contained up to 2 l of in vitro-translated protein, 1ϫ gel shift binding buffer (Promega), supplementary dithiothreitol (DTT) to obtain a final concentration of 5.5 mM, and 60 pg of double-stranded AP-1 probe in a total volume of 10 l. Reactions were incubated for 30 min at 26°C prior to the addition of 2 l of 4ϫ TBE loading buffer (50% glycerol, 0.1% bromophenol blue, 0.1% xylene cyanol and 4ϫ Tris-borate-EDTA). Protein-DNA complexes were analyzed by electrophoresis on a 6% TBE retardation gel (Novex; Invitrogen) with 0.5ϫ TBE as the buffer. The gel was then fixed in 40% methanol and 10% acetic acid and dried under vacuum, and bands were visualized by autoradiography.
Native gel electrophoresis. In vitro-translated protein samples were incubated at 26°C for 30 min in 1ϫ gel shift binding buffer plus supplementary DTT in a total volume of 10 l as for EMSA. SDS was included in the buffer at a final concentration of 0.5% where required. Native gel buffer was then added to samples to a final concentration of 1ϫ (40 mM Tris-HCl [pH 7.5], 4% glycerol, 0.01% bromophenol blue) and samples were loaded on a prerun nondenaturing 7% Tris-acetate gel (Novex; Invitrogen). Electrophoresis was carried out with Tris-glycine native gel running buffer (Novex; Invitrogen), and gels were fixed, dried, and analyzed with a phosphorimager.
Immunoprecipitation and immunoblotting. Cells were harvested 48 h posttransfection, washed in PBS, and then resuspended in 0.5 ml of EBC lysis buffer (120 mM NaCl, 50 mM Tris [pH 8.0], 5 mM DTT, 0.5% NP-40, 0.1% SDS, 2 mM phenylmethylsulfonyl fluoride, and EDTA-free protease inhibitor cocktail [Roche]). Cells were lysed for 30 min on ice, and the lysates were sonicated. Following centrifugation at 13,000 rpm to remove insoluble debris, the lysate was precleared with 10 l of normal rabbit serum (Sigma). Preclearing antibodies and associated proteins were removed by incubating with bovine serum albumincoated protein A-Sepharose beads (Sigma) for 30 min at 4°C with rotation, followed by brief centrifugation (10 s at 13,000 rpm). The precleared lysate was then incubated with 2 l of rabbit polyclonal RBP-J antibody STL84 (gift from E. Kieff) for 30 min on ice. Antibody complexes were isolated by incubation with bovine serum albumin-coated protein A-Sepharose beads for 2 h at 4°C with rotation. The beads were washed four times with 0.5 ml of EBC wash buffer (120 mM NaCl, 50 mM Tris [pH 8.0], 5 mM DTT, 0.5% NP-40, 0.5% SDS) and then heated to 95°C in gel sample buffer (46) to release associated proteins.
Samples were separated by SDS-PAGE with a 3 to 8% Tris-acetate gel and Tris-acetate running buffer (Novex). Proteins were transferred onto Protran nitrocellulose membranes (Schleicher and Schuell). EBNA 3C was detected by probing overnight at 4°C with the EBNA 3C monoclonal antibody E3cA10 (19) (gift from M. Rowe) at a concentration of 7 g/ml in 5% milk. Following incubation with horseradish peroxidase-conjugated rabbit anti-mouse immunoglobulin secondary antibodies (Dako), membranes were washed three times with PBS-Tween, incubated with chemiluminescence reagents, and exposed to Hyperfilm (Amersham Pharmacia Biotech) to detect proteins.
Immunofluorescence. Transfected DG75 cells were resuspended at 10 7 cells/ml in PBS, and the cell suspension was pipetted onto microdot slides (ICN) and then removed to leave a thin film of cells on the slide. Slides were fixed in methanol-acetone (1:1, vol/vol) at Ϫ20°C for 10 min, air dried, and then stored at Ϫ20°C until required. Slides were rehydrated and blocked with 20% normal goat serum (Sigma) in PBS and then stained with human serum monospecific for EBNA 3C (diluted to a final concentration of 1:40 in 20% normal goat serum in PBS) (M. S. serum; gift from M. Rowe). Slides were washed in three changes of PBS and EBNA 3C and then detected with fluorescein isothiocyanate-conjugated rabbit anti-human immunoglobulin G (Dako) diluted 1:50 in 20% normal goat serum in PBS. After further washing, nuclei were stained with 12.5 ng of 4Ј,6Ј-diamidino-2-phenylindole hydrochloride (DAPI) (Sigma) per ml for 5 min. After a further two washes, coverslips were mounted on microscope slides with Mowiol mounting solution [0.2 M Tris (pH 8.5), 33% (wt/vol) glycerol, 13% (wt/vol) Mowiol, 2.5% (wt/vol) 1,4-diazobicyol (2,2,2)-octane (Dabco)] and sealed with clear nail polish. Slides were analyzed with a Zeiss Axioscope 2 microscope equipped with a 63ϫ oil immersion objective and fitted with the appropriate filter sets. Images were captured with a Photometrics Quantix digital camera. Images were processed with Metamorph imaging software (Universal Imaging Corp.). CD spectroscopy. Two peptides encompassing the EBNA 3C zipper region, EBNA 3C-p1 (RYRRIYDLIELCGSLHHIWQNLLQTEENLLDFVRF) and EBNA 3C-p2 (acetyl-RYRRIYDLIELCGSLHHIWQNLLQTEENLLDFVR FMG-amide), were synthesized, purified by high-pressure liquid chromatography, and verified by matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry (Alta Biosciences). Because these peptides were insoluble in water, they were dissolved in 10% acetic acid to generate millimolar stock solutions whose concentrations were determined by the absorbance at 280 nm, assuming a molar extinction coefficient of 8,480 M Ϫ1 cm Ϫ1 for both peptides. Circular dichroism (CD) spectroscopy was carried out with a Jasco J-715 spectropolarimeter fitted with a Peltier temperature controller. In initial experiments, EBNA 3C-p1 was diluted from the stock solution into 10 mM HEPES (pH 7.9)-2 mM DTT. The pH was then gradually adjusted to pH 7.4 with 2 M KOH. For subsequent experiments, EBNA 3C-p1 and EBNA 3C-p2 solutions were prepared in 10 mM formate (pH 3.7)-2 mM DTT, and the pH was readjusted for the higher peptide concentrations with KOH. All spectra were measured at 20°C. The concentration of formate buffer in the 10 M, 5 M, and 1 M peptide samples was reduced to 5 mM to reduce noise in the CD spectra.
For thermal unfolding experiments, the signal at 222 nm was measured as the temperature was increased in a stepwise manner at a rate of 1°C/min over the range from 5 to 85 or 90°C. The midpoint temperatures of unfolding were taken as the maximum of the first derivatives of the melting curves obtained.
Analytical ultracentrifugation. Sedimentation equilibrium studies were conducted at 20°C in a Beckman Optima XL-I analytical ultracentrifuge fitted with an An-60 Ti rotor. For EBNA 3C-p1, a 100-l sample of peptide (at a starting concentration of 110 M peptide [pH 3.7], 10 mM formate, 2 mM DTT) was used with a 110-l sample of matched buffer as the reference. The sample was equilibrated for 48 to 72 h at rotor speeds of 30,000, 40,000, 50,000, and 60,000 rpm. Sedimentation curves were recorded at 280 nm. The resulting data sets were fitted simultaneously with routines from the Beckman-Origin analysis software (version 6.0). Two fitting methods were used: the first assumed a single ideal species, and the second assumed a monomer-dimer equilibrium. The molecular weight (4,405 Da), molar extinction coefficient (8,480 M Ϫ1 cm Ϫ1 ), and partial specific volume (0.7398 ml mg Ϫ1 ) were calculated from the amino acid composition of EBNA 3C-p1. The density of the solvent was calculated as 0.9987 mg ml Ϫ1 . Similar experiments were performed for EBNA 3C-p2. These data were only fitted to single-species models because they showed clear evidence of a large aggregated state on the order of 80 kDa in size; further detailed analyses of these data was not deemed useful.
RESULTS

EBNA 3C leucine zipper peptides are ␣-helical in solution.
Biophysical analysis of synthetic peptides with techniques such as CD spectroscopy and analytical ultracentrifugation is used extensively to study the structural characteristics and oligomerization states of leucine zipper sequences (21, 24, 25) . To test the hypothesis that EBNA 3C contains a genuine leucine zipper, we carried out biophysical analysis on two peptides encompassing the zipper region.
The first peptide analyzed (EBNA 3C-p1) was 35 amino acids in length and included all four leucine repeats. The folding and stability of EBNA 3C-p1 in solution were examined by CD spectroscopy. Since ␣-helical, ␤-sheet, and randomly coiled secondary structures have distinct CD profiles, the use of this technique enabled us to determine whether EBNA 3C-p1 adopted the ␣-helical structure characteristic of leucine zippers. At pH 7.4 in HEPES buffer, 60 M EBNA 3C-p1 exhibited a CD spectrum indicating the presence of some ␣-helical structure; the expected minima at 208 and 222 nm were present, but the intensity of the signal at 222 nm suggested that this peptide was only approximately 10% helical ( Fig. 2A , upper spectrum). Furthermore, under these conditions, EBNA 3C-p1 was only sparingly soluble (up to 60 M), which hampered full characterization by CD spectroscopy. Therefore, we explored conditions under which the peptide was more soluble.
Consistent with other reports (21, 52), we found that at low pH (pH 3.7, 10 mM formate, and 2 mM DTT), the solubility and folding of the peptide improved. The insoluble nature of EBNA 3C-p1 contrasts sharply with the characteristics of typical leucine zipper peptides, which are usually fully soluble in water or standard buffers at neutral pH. Under low-pH conditions, we were able to obtain CD spectra at higher concentrations of EBNA 3C-p1. These spectra again displayed the expected minima at 208 and 222 nm, indicating the presence of ␣-helical structure (Fig. 2B, lower spectrum) . We detected an increase in CD signal at 222 nm with increasing EBNA 3C-p1 concentrations up to a maximum of Ϫ18,900°cm
Ϫ2 dmol Ϫ1 at 150 M (Fig. 2C) . Since a peptide containing 100% ␣-helix has a maximum molar ellipticity of approximately Ϫ35,000°cm Ϫ2 dmol Ϫ1 at 222 nm (24), we estimated that EBNA 3C-p1 is approximately 54% ␣-helical at 150 M and pH 3.7.
Analysis of a second peptide (EBNA 3C-p2) was then carried out to determine whether the extension of the peptide sequence by two residues at the C terminus to include a methionine residue occupying a potential fifth position in the hydrophobic repeat improved its helical properties. This second peptide was also modified by acetylation and amidation at the N and C termini, respectively, to mimic the peptide bonds that exist in the intact natural protein. Since EBNA 3C-p2 was completely insoluble in water or HEPES buffer at pH 7, CD experiments were again carried out in formate buffer at pH 3.7. The CD spectra obtained under these conditions with EBNA 3C-p2 clearly indicated the presence of a large proportion of ␣-helical structure (Fig. 2B) . EBNA 3C-p2 showed an increase in CD signal at 222 nm with increasing peptide concentrations, reaching a maximum of Ϫ23,300°cm
Ϫ2 dmol Ϫ1 at 145 M (Fig. 2D) . We therefore estimated that EBNA 3C-p2 is 67% helical at this concentration. In contrast to EBNA 3C-p1, EBNA 3C-p2 was able to reach its maximum helical potential at lower peptide concentrations, suggesting that it is able to form more stably folded structures (Fig. 2D) . The steady increase in CD signal that we observed with increasing EBNA 3C-p1 and EBNA 3C-p2 concentrations is consistent with the existence of an equilibrium between unfolded monomers and helical oligomers, suggesting that both of these peptides are able to self-associate.
EBNA 3C leucine zipper peptides form oligomers in vitro. To probe the self-association of EBNA 3C-p1 and EBNA 3C-p2 further, we monitored the thermal denaturation of these peptides by CD spectroscopy. At a range of peptide concentrations, we observed sigmoidal melting curves typical of cooperatively folded protein structures such as coiled coils (Fig.  3A and B) . In addition, we observed a concentration-dependent increase in the midpoint temperature of unfolding (T m ) of these structures indicating that these ␣-helices were forming multimeric structures (Fig. 3C and D) ; multimeric structures show increasing T m with increasing concentration as a result of a shift in equilibria from unfolded monomers to folded multimers, whereas the T m of nonoligomerizing systems does not change with concentration. Again it was apparent from these experiments that EBNA 3C-p2 was able to form more stably folded ␣-helical structures than EBNA 3C-p1 because the T m values of EBNA 3C-p2 were higher than those obtained for EBNA 3C-p1 at similar concentrations ( Fig. 3C and D) . In fact, EBNA 3C-p2 was so stable that we were unable to obtain complete melting curves at peptide concentrations higher than 10 M. Sedimentation equilibrium experiments were then conducted in an attempt to determine the oligomerization state of EBNA 3C-p1 and EBNA 3C-p2 (Fig. 4) . Data sets from experiments carried out with EBNA 3C-p1 were first analyzed by assuming a single species and gave a relative molecular size of 4,510 Da (with 95% confidence limits of 4,261 and 4,751). Within experimental error, this is consistent with the predominant species in solution being a monomer (molecular size of 4,405 Da). However, at high rotor speeds, we observed differences between the calculated fit assuming the existence of only monomers in solution (Fig. 4, lower panel, solid line) and the experimental sedimentation curves (Fig. 4, lower panel,  crosses) . These so-called residuals did not distribute evenly on either side of a straight line, as expected for a good fit, but showed a systematic error indicating deviation from the singlespecies model (Fig. 4, upper panel) . Fitting the same data to a monomer-dimer association model gave a slightly improved fit (data not shown) and a dissociation constant of 2.18 mM (95% confidence limits, 2.65 and 1.33 mM), raising the possibility that a small proportion of EBNA 3C-p1 may be able to form very weak dimers.
During these experiments, however, we also observed the presence of a large species that appeared to sediment at low rotor speeds. Since our CD studies indicated that EBNA 3C-p2 was able to form more stable ␣-helical structures than EBNA 3C-p1, we performed further sedimentation equilibrium experiments with EBNA 3C-p2. In these experiments, we were unable to detect the sedimentation of any EBNA 3C-p2 dimers but detected the presence of a much larger species that sedimented with at approximately 80 kDa (data not shown). Together with the CD data, the area-under-the-curve data suggest that EBNA 3C-p2 is able to form ␣-helical oligomers that may represent the self-association of possibly 18 or more molecules of peptide. The formation of high-molecular-weight oligomers by the EBNA 3C zipper peptides is consistent with their high midpoint temperatures of unfolding ( Fig. 3C and D) .
The leucine zipper of EBNA 3C cannot substitute for the BZLF-1 coiled-coil domain. Since our biophysical experiments raised the possibility that at least one of our zipper peptides (EBNA 3C-p1) was capable of forming very weak dimers in solution, we investigated whether the EBNA 3C zipper region was able to mediate homodimerization in domain-swapping experiments. The putative leucine zipper region of EBNA 3C was cloned in place of the dimerization domain of another EBV protein, BZLF-1 (Zta), which contains a well-characterized bZIP domain (9, 13). Hybrid proteins containing the EBNA 3C zipper region but retaining the DNA-binding domain of BZLF-1 were created (Fig. 5A ). BZLF-1/3C'd' contained the leucines of the 3C zipper in the d positions of the BZLF-1 heptad. To explore the possibility that the leucine residues of the EBNA 3C zipper occupied the other hydrophobic position in the heptad (the a position), we also created BZLF-1/3C'a'. The leucine zipper of the yeast transactivator GCN4 was cloned in place of the BZLF-1 zipper region (BZLF-1/GCN4) to create a control hybrid protein for use in these experiments (Fig. 5A ). Since BZLF-1 only binds DNA as a dimer, we were able to assess the dimerization potential of the EBNA 3C zipper domain by measuring the ability of hybrid proteins to bind to a BZLF-1 consensus binding site (AP-1) in EMSAs. Hybrid proteins were in vitro translated in the presence of [ 35 S]methionine, and equal amounts of each protein were used for EMSAs (Fig. 5B) . The results obtained from EMSAs demonstrated that neither the BZLF-1/3C'd' nor the BZLF-1/3C'a' hybrid protein was able to bind to a labeled AP-1 site DNA probe (Fig. 5B) . In contrast, the BZLF-1/GCN4 hybrid protein bound to DNA as efficiently as wild-type BZLF-1 (Fig. 5B) . On examination of the EBNA 3C leucine zipper sequence, we noted that three of the four residues occupying the a positions in the EBNA 3C heptad repeat were not normally found in leucine zipper sequences (47) (Fig. 1B) (see Discussion).
To investigate the possibility that these atypical residues were preventing the EBNA 3C zipper domain from functioning as an efficient dimerization interface, cysteine 267, tryptophan 274, and glutamic acid 281 were replaced with isoleucine (I), asparagine (N), and isoleucine (I), respectively, to create BZLF-1/3C-INI. This combination of residues at the a positions has been found to be optimal for dimer formation and is similar to that found in GCN4 (5, 7, 17, 47) . This hybrid protein also failed to bind to DNA in EMSAs (Fig. 5C) . We also extended the zipper fragment of EBNA 3C in the hybrid protein to include an additional methionine residue (occupying a potential fifth position in the repeat) and an additional glycine residue in the EBNA 3C-p2 peptide (BZLF-1/3C-MG). This hybrid protein was again unable to bind to DNA (Fig.  5D ). To confirm that our assays were sensitive enough to detect even low levels of DNA binding activity by our hybrid proteins, we performed EMSAs with a series of dilutions of the wild-type BZLF-1 protein (Fig. 5E ). We were able to detect binding of BZLF-1 to DNA clearly even when the protein was diluted 24-fold (Fig. 5E) .
The results from these domain-swapping experiments demonstrate that the EBNA 3C leucine zipper is unable to function as a classical leucine zipper motif and cannot functionally replace the zipper domain of BZLF-1 to direct the homodimerization required for DNA binding. These results are consistent with our biophysical data, which indicated that the EBNA 3C zipper domain was incapable of efficient homodimerization.
EBNA 3C leucine zipper directs the formation of high-molecular-weight complexes. Since our biophysical experiments indicated that peptides encompassing the zipper region of EBNA 3C were capable of self-associating to form high-molecular-weight complexes, we examined the association state of our BZLF-1/EBNA 3C leucine zipper hybrid proteins. Although our EMSA results showed that the EBNA 3C zipper domain was not capable of mediating homodimerization (Fig.  5) , it was possible that this domain was able to direct the formation of higher-order protein complexes that would be incapable of binding to the bipartite BZLF-1 DNA recognition sequence. We therefore carried out native gel electrophoresis on in vitro-translated BZLF-1 and BZLF-1/3C zipper hybrid proteins (Fig. 6) . We found that hybrid BZLF-1 proteins containing the BZLF-1 leucine zipper region migrated as highmolecular-weight species that ran very close to the top of the gel (Fig. 6 and data not shown) . In contrast, the wild-type BZLF-1 protein ran much further into the gel, consistent with the existence of smaller dimeric BZLF-1 complexes. When samples were incubated with 0.5% SDS prior to loading on the native gel, BZLF-1 resolved as a lower-molecular-weight form consistent with its dissociation into a monomeric form (Fig. 6) . Treatment of the BZLF-1/3C zipper hybrid protein with 0.5% SDS caused some dissociation of the high-molecular-weight complexes but did not completely dissociate these complexes into monomers, suggesting that the complexes formed are very stable (Fig. 6) . The BZLF-1/GCN4 control hybrid protein behaved in the same manner as BZLF-1 (data not shown). These results are consistent with the data that we obtained from our biophysical studies and provide further evidence that the EBNA 3C zipper region alone is capable of directing the formation of high-molecular-weight complexes. FIG. 4 . Sedimentation equilibrium data for EBNA 3C-p1. The bottom trace shows the sedimentation curve recorded at a rotor speed of 60,000 rpm. Crosses mark the experimental data points, and the solid line shows the calculated fit generated assuming that a single ideal species is present in solution. The upper panel shows the residual signal (the difference between the calculated curve and the experimental data).
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Leucine-to-proline substitutions in the zipper region reduce the ability of EBNA 3C to inhibit EBNA 2 activation. To determine whether the helical nature of the leucine zipper domain of EBNA 3C was important for the transcriptional function of EBNA 3C, we performed directed mutagenesis to replace two or more of the leucine residues in the zipper with proline residues (Fig. 7A) . We found that substitution of the first two (P1ϩ2), the last two (P3ϩ4), or all four (P1-4) of the leucines in the EBNA 3C zipper sequence reduced the ability of EBNA 3C to inhibit the activation of a reporter construct containing the viral C promoter by EBNA 2 (Fig. 7B) . EBNA 2 was able to activate the C promoter by 7.3-fold in the absence of EBNA 3C, but in the presence of 2 g of wild-type EBNA 3C-expressing plasmid, this transactivation was reduced to 1.8-fold (Fig. 7B) . In contrast, in the presence of 2 g of the P1ϩ2-, P3ϩ4-, or P1-4-expressing plasmid, EBNA 2 was still able to activate the C promoter by 4.9-, 3.6-, and 4.2-fold, respectively (Fig. 7B ). This represents a reduction in repression activity of 56, 32, and 43%, respectively. All zipper mutants were expressed at levels equivalent to that of the wildtype EBNA 3C protein (Fig. 7B) . These results therefore show that disruption of the helical nature of the zipper region reduces the ability of EBNA 3C to repress EBNA 2 activation of the C promoter, possibly by reducing the efficiency of its interaction with RBP-J. It is therefore possible that the selfassociation of EBNA 3C via the zipper domain is important in enabling it to bind and sequester RBP-J efficiently. It is also possible that the helical nature of the EBNA 3C zipper domain is important in maintaining the N-terminal structure of EBNA 3C so that the RBP-J binding site is accessible. The charge on the basic region of EBNA 3C is required for the inhibition of EBNA 2 activation. Since the basic residues found N-terminal to the zipper domain of EBNA 3C are well conserved between viral isolates (see Discussion) even though the DNA-binding function of this region appears to be redundant, we next investigated whether the charge on the basic region of EBNA 3C was required for the function of EBNA 3C as an inhibitor of EBNA 2 activation. Site-directed mutagenesis was used to replace a cluster of arginine residues located next to the zipper domain (arginines 254, 255, 257, and 258) with either uncharged alanine residues (bR-A) or negatively charged glutamic acid residues (bR-E) (Fig. 7A) . We found that substitution of these arginine residues dramatically reduced the ability of EBNA 3C to inhibit the activation of the viral C promoter (Cp) by EBNA 2 in transient-transfection assays (Fig. 7C) . Although 2 g of wild-type EBNA 3C-expressing plasmid was able to reduce C promoter transactivation by EBNA 2 from 8.2-fold to 1.6-fold, in the presence of the same amount of bR-A or bR-E EBNA 3C-expressing plasmids, EBNA 2 was still able to activate the C promoter efficiently (7-and 6.6-fold, respectively) (Fig. 7C) . We found that substitution of further positively charged residues within the basic domain (arginines 247 and 250 and lysine 252) with alanine (bA) or glutamic acid (bE) impaired the repression function of EBNA 3C even further (Fig. 7C) . In the presence of 2 g of plasmid expressing the bA or bE EBNA 3C mutant, EBNA 2 was still able to activate the C promoter to maximum levels (8.1-and 9.2-fold, respectively) (Fig. 7C) . Western blotting analysis of transfected-cell lysates demonstrated that all mutants were expressed at levels equivalent to that of the wild-type EBNA 3C protein (Fig. 7C) .
The ability of EBNA 3C to inhibit the activation of transcription by EBNA 2 is dependent on the interaction of EBNA 3C with EBNA 2's cellular DNA-targeting partner, RBP-J. The interaction of EBNA 3C with RBP-J seems to prevent RBP-J from interacting with EBNA 2 or with DNA (16, 30, 41) . It is striking that the mutation of seven basic residues in the basic domain of EBNA 3C (bA and bE) abolished the ability of EBNA 3C to inhibit the activation of transcription by EBNA 2 to the same extent as mutations in the previously mapped RBP-J binding motif at amino acids 209 to 212 (50) (Fig. 7D) . Our results therefore show that residues in the basic domain of EBNA 3C are required for the interaction of EBNA 3C with RBP-J and identify a new role for this region of EBNA 3C.
We can therefore conclude that residues outside of the region previously shown to be required for the interaction with RBP-J (50) are important for the function of EBNA 3C as a repressor of EBNA 2 activation.
Mutations in the EBNA 3C bZIP domain do not affect the nuclear localization of EBNA 3C. In order to rule out the possibility that the mutations that we had introduced in the bZIP region of EBNA 3C were affecting the transcriptional activity of the protein by preventing its correct nuclear localization, we examined the localization of our EBNA 3C mutants within cells (Fig. 8) . DG75 cells were transiently transfected with EBNA 3C-expressing plasmids (Fig. 7A) , and slides prepared from these cells were then stained with EBNA 3C-specific human serum followed by fluorescein isothiocyanateconjugated secondary antibodies (Fig. 8, left panel) . Cells were also stained with DAPI to visualize cell nuclei (Fig. 8, right  panel) . All of the EBNA 3C proteins used in these studies were able to localize to the nucleus and were not present in the cytoplasm (Fig. 8 and data not shown) . Not all cells stained positive for EBNA 3C, since the efficiency of transfection was between 1.5 and 8%. These observations are consistent with a recent report demonstrating that the nuclear localization signals for EBNA 3C lie between residues 72 and 80, 412 and 418, and 939 and 945 and not within the bZIP region (14) .
Mutation of the basic domain of EBNA 3C interferes with RBP-J binding. To confirm that the reduction in EBNA 3C repression activity that we observed in our EBNA 2 activation assays resulted from the decreased association of our mutated EBNA 3C proteins with RBP-J, we performed coimmuno- precipitation experiments. Transient transfections were carried out as above, and the amount of EBNA 3C that associated with RBP-J was determined (Fig. 9) . We found that substitution of all arginine and lysine residues in the basic domain with glutamic acid residues (bE) reduced the ability of EBNA 3C to associate with RBP-J to an even greater extent than mutation of the core RBP-J binding motif (mJ) (Fig. 9B) . Mutation of all four leucine residues in the zipper domain to prolines (P1-4) also reduced the amount of EBNA 3C found associated with RBP-J to approximately 50% of that observed for the wild-type protein (Fig. 9B) . These results are completely consistent with the results that we obtained in the C promoter transactivation assays (Fig. 7) and confirm that the reduced ability of these mutant proteins to inhibit the activation of the C promoter by EBNA 2 stems from a decrease in their association with RBP-J.
DISCUSSION
Although it is has become widely accepted in the field that the N terminus of the essential EBV protein EBNA 3C contains a bZIP (basic zipper) domain, no study to date has investigated whether this domain actually displays the structural and functional properties of a genuine ␣-helical leucine zipper dimerization motif. The presence of a bZIP domain in EBNA 3C is somewhat perplexing because no sequence-specific DNA-binding activity has ever been attributed to EBNA 3C, although this protein is capable of binding to DNA-cellulose columns in a nonspecific manner (32) . It is noteworthy that the EBNA 3C basic region shows very little homology to the basic domains found in other bZIP proteins (Fig. 1) , and it is possible that any DNAbinding function of this domain of EBNA 3C has been lost during the course of evolution. Nonetheless, the zipper domain of EBNA 3C does contain leucine residues at every seventh position, in common with other leucine zipper motifs (Fig. 1) . Using biophysical and domain-swapping tech- niques, we set out to determine whether the EBNA 3C zipper domain functions as a bona fide ␣-helical dimerization motif.
The efficient folding of a zipper region into an ␣-helix is a prerequisite for the formation of the coiled-coil dimer represented by leucine zippers, and circular dichroism studies have shown that most leucine zipper peptides are 70 to 100% helical in the 30 to 50 M range at pH 7 (24, 25) . Biophysical analysis of the EBNA 3C leucine zipper domain proved troublesome because peptides encompassing this region were either sparingly soluble or insoluble at neutral pH. These are unusual characteristics for leucine zipper peptides; zipper peptides are normally fully soluble in water or standard buffers at pH 7. Nonetheless, by solubilizing our peptides at low pH, we were able to obtain consistent CD data to show that peptides encompassing the EBNA 3C zipper domain (EBNA 3C-p1 and EBNA 3C-p2) were approximately 50 to 70% ␣-helical in solution at pH 3.7.
EBNA 3C-p2, which was two amino acids longer than EBNA 3C-p1 and was "capped" to mimic the peptide bonds that exist in the intact protein, exhibited the most helical content at low concentrations and was approximately 60% helical at 28 M. These data raised the possibility that the EBNA 3C leucine zipper could represent an, albeit atypical, ␣-helical dimerization domain. However, although both EBNA 3C-p1 and EBNA 3C-p2 exhibited a concentration-dependent increase in their midpoint temperatures of unfolding, indicative of self-association, sedimentation equilibrium experiments were only able to detect the formation of some very weak dimers by EBNA 3C-p1. Since the estimated dissociation constant of these dimers was approximately 2 mM, it is unlikely that they would be formed in vivo.
Consistent with our biophysical data, we found that the leucine zipper domain of EBNA 3C was unable to functionally replace the zipper domain of BZLF-1 to direct efficient homodimerization and DNA binding in domain-swapping experiments. However, in sedimentation equilibrium experiments carried out on both zipper peptides, we observed sedimentation of a high-molecular-weight species. For EBNA 3C-p2, we estimated that this high-molecular-weight complex could correspond to the self-association of approximately 18 or more molecules of peptide. Moreover, using native gel electrophoresis, we observed that BZLF-1 proteins containing the EBNA 3C leucine zipper no longer migrated as dimers but were visible as high-molecular-weight complexes on the gel. From our biophysical and domain-swapping data, we can therefore conclude that the EBNA 3C leucine zipper domain is not capable of forming stable homodimers but may instead direct the formation of large multimers.
Although we have clearly shown that the EBNA 3C leucine zipper is not capable of efficient homodimerization, our experiments cannot rule out the possibility that this domain is able to heterodimerize with other leucine zipper-containing proteins. However, our data do suggest that this is unlikely to be the case. The archetypal heterodimeric leucine zipper from c-Fos preferentially forms dimers with c-Jun but is still able to form homodimers with an estimated dissociation constant of 6 M at concentrations of 40 M and above (25) . Since the only dimers that we could detect in our biophysical experiments had an estimated dissociation constant of around 2 mM, it is very likely that the EBNA 3C leucine zipper is unable to form either homo-or heterodimers efficiently.
The lack of dimerizing activity exhibited by the EBNA 3C zipper domain can be explained by a further examination of the EBNA 3C zipper sequence (Fig. 1B) . We note that although this region of the protein contains a run of four leucine residues spaced seven amino acids apart, followed by a methionine residue in a possible fifth position, it does not contain the correct complement of residues that normally make up the full heptad repeat sequence (abcdefg) found in other leucine zippers (Fig. 1B) . In fact, the leucine zipper domain of EBNA 3C is not predicted to form a coiled coil at all by a computer prediction program (maximum coils score of 0.001). Three of the four residues occupying the a positions in the EBNA 3C zipper (cysteine, tryptophan, and glutamic acid) are not usually found in this position in dimeric structures because they do not have small hydrophobic side chains (Fig. 1B) (47) .
In addition, in stable leucine zippers, the e and g positions in the heptad are frequently occupied by charged amino acids. Electrostatic interactions between oppositely charged amino acids in the g position of the heptad in one helix and the e position of the following heptad in the partnering helix act to stabilize dimerization. In most human bZIP proteins (76%), FIG. 9 . Effect of mutations in the bZIP domain on the ability of EBNA 3C to bind to RBP-J. Cells were transiently transfected as in Fig. 7 with 0 or 10 g of pSG52A and 0 or 2 g of each of the pSG5 EBNA3C-expressing plasmids. Cells were then lysed, and RBP-J was immunoprecipitated with an RBP-J rabbit polyclonal antibody. Following pulldown of the immunoprecipitated complexes with protein A-Sepharose beads, the released proteins were analyzed by SDS-PAGE followed by Western blotting with the EBNA 3C monoclonal antibody E3cA10 (19) . A sample of each lysate (L) representing approximately 3% of the total was run alongside each immunoprecipitation (IP). (B) Quantitation of the gel shown in panel A. The proportion of EBNA 3C associating with RBP-J was expressed as a percentage of the amount of EBNA 3C present in the lysate, and the percent association of mutant proteins was then expressed relative to the percent association detected for wild-type EBNA 3C. the g and e positions are occupied by either glutamic acid, arginine, lysine, or glutamine (39) . By contrast, in EBNA 3C, these heptad positions are frequently occupied by uncharged hydrophobic amino acids (leucine and isoleucine). The presence of unfavorable amino acids in three of the four a positions in the EBNA 3C zipper sequence and the lack of stabilizing residues in the e and g positions is likely to explain why the EBNA 3C leucine zipper does not form stable dimers. It is interesting that even the substitution of the atypical a position residues with amino acids that have been shown to be optimal for dimer formation (isoleucine, asparagine, and isoleucine) (5, 7, 17, 47) did not improve the dimerization potential of the EBNA 3C zipper region in domain-swapping experiments (Fig.  5) . It is therefore likely that further changes in the EBNA 3C sequence, possibly the introduction of the correctly charged amino acids at the e and g positions, would be required to make this domain capable of homodimerization. It appears that the atypical residues in the EBNA 3C zipper sequence are tolerated in the higher-order EBNA 3C zipper multimers that we detected in our studies.
Using in vivo assays to measure the transcriptional repression activity of EBNA 3C, we also identified an important new role for the bZIP domain of EBNA 3C in maintaining the interaction between EBNA 3C and RBP-J. Disruption of the helical nature of the zipper region by the introduction of proline residues at the d positions reduced the transcriptional repression function of EBNA 3C by 50%, and substitution of a series of positively charged amino acids in the putative basic domain virtually abolished this function of the protein. The interaction of EBNA 3C with RBP-J is required to inhibit the activation of the C promoter and the LMP 1, 2A, and 2B promoters by EBNA 2 (30, 41) . The regulation of EBNA 2 transcriptional activity by EBNA 3C in this way is likely to be important in preventing the toxic overexpression of LMP 1, (42-44) and in maintaining the correct level of EBNA transcription from the C promoter.
The core consensus sequence required for RBP-J binding has been mapped to amino acids 209 to 212 of the EBNA 3C protein, a region that lies outside the bZIP motif (50) . It is clear that although mutation of these four amino acids in EBNA 3C blocks RBP-J binding and prevents the inhibition of EBNA 2 activation (50), our new data show that the bZIP domain also plays a role in maintaining the efficiency of the EBNA 3C-RBP-J interaction. It is possible that the selfassociation of EBNA 3C via the zipper domain is important in enabling EBNA 3C to bind and sequester RBP-J efficiently. Alternatively, the helical nature of the zipper domain could be important in maintaining the N-terminal structure of EBNA 3C so that the RBP-J binding site is accessible. Our results also indicate that the basic residues adjacent to the zipper, although apparently nonfunctional as a site-specific DNAbinding domain, are required to maintain the transcriptional repression activity of EBNA 3C.
The important roles played by the basic residues and the leucine residues in the function of EBNA 3C as a negative regulator of EBNA 2 transcription are supported by the conservation of these residues between viral isolates and to some extent across species. Sequence data from five representative type 1 strains (3; R. Tierney, personal communication) show that the entire zipper region, including all four leucine residues, is conserved in all strains (Fig. 10) . In addition, although amino acid changes do occur in the basic region, these are conservative substitutions that maintain the basic charge in this region (arginine 259 to lysine in NW and LY, and arginines 255 and 259 to lysine in SC). The DH strain of EBV has additional substitutions in the basic region (tyrosines 257 and 261 are replaced by phenylalanine), although these again represent conservative changes. These changes are also found in the prototype type 2 EBV strain, AG876 (Fig. 10) . Type 2 strains of EBV contain only three of the four leucines in the zipper region, the third leucine being replaced by another hydrophobic amino acid (methionine).
Recent sequencing data obtained from the rhesus and baboon lymphocryptoviruses also identified a partially conserved leucine zipper motif in the EBNA 3C homologues expressed by these viruses (10, 49) . However, although the same three FIG. 10 . Comparison of the leucine zipper sequences from five representative type 1 EBV strains (RT, SC, NW, LY, and DH) and one type 2 strain (IM 12) with the prototype type 1 and type 2 strains B95-8 and AG876, respectively. The sequences of the rhesus lymphocryptovirus (RhLCV) and the baboon lymphocryptovirus (BaLCV) EBNA 3C homologues are also shown. Amino acid differences from the B95-8 sequence are shown in bold, and the conserved leucine residues are indicated by shaded boxes.
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CHARACTERIZATION OF EBNA 3C bZIP DOMAIN 9443 leucine residues conserved in type 2 viruses are also present in the rhesus and baboon lymphocryptovirus sequences, the third leucine is replaced by a nonconservative arginine residue (Fig.  9) . The basic regions of the EBNA 3C homologues of these viruses are also conserved to some extent (Fig. 10) . The EBNA 3C protein from rhesus lymphocryptovirus retains five of the seven basic residues and contains an additional arginine residue, and the basic region of the baboon lymphocryptovirus retains four of the seven basic amino acids. The homology in the bZIP region and the RBP-J binding motif appears to be sufficient to allow both of these EBNA 3C homologues to interact efficiently with RBP-J in vitro and to inhibit the activation of transcription by EBNA 2 (10, 49) . In summary, we have shown that the putative leucine zipper of EBNA 3C is not capable of forming stable homodimers and cannot substitute for a genuine homodimerizing zipper domain. In fact, our data indicate that the leucine zipper domain of EBNA 3C is able to assemble into higher-order oligomers that may represent the self-association of possibly 18 or more zipper domains. In addition, we have shown that disruption of the zipper helix interferes with the ability of EBNA 3C to inhibit EBNA 2 transactivation of the viral C promoter and that the charge on the basic domain of EBNA 3C is also required for the repression function of EBNA 3C. It is likely that the conservation of the basic charge on this region and the conservation of the leucine/hydrophobic repeat in different viral isolates reflects the importance of the bZIP region for efficient RBP-J binding and the importance of regulation of the transcriptional activity of EBNA 2 by EBNA 3C in the viral life cycle.
